In this work we explore the first stages of quantum wires (QWRs) formation studying the evolution of the growth front for InAs coverage below the critical thickness, θ c , determined by reflection high energy electron diffraction. Our results show that at a certain InAs coverage θ(InAs) < θ c , the elastic relaxation process starts by spontaneous formation of isolated quantum wires that evolves towards QWRs covering the whole surface with increasing InAs thickness. These results allow for a better understanding of the self-assembling process of QWRs in the InAs/InP system and for the first time enable the study of the novel properties of single self-assembled QWR.
Introduction
The growth of heteroepitaxial systems with lattice mismatch larger than 2% has been extensively used for obtaining self-assembled nanostructures. There are a lot of theoretical and experimental works dedicated to study this self-assembling process [1] [2] [3] , which results in more or less ordered distributions of quantum wires or quantum dots.
The self-assembled nanostructures based on the InAs/InP (001) heteroepitaxial system have a great technological interest as it is possible to tune the emission wavelength in a wide range (1.2 < λ < 1.9 μm) at room temperature [4] . In this system, under molecular beam epitaxy (MBE) growth conditions, an array of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] oriented quantum wires (QWRs) covering the whole surface is obtained when a certain InAs critical thickness, θ c , is grown. This critical thickness is detected by a 2D-3D sudden change in the reflection high energy electron diffraction (RHEED) pattern [5] . The spontaneous formation of QWR instead of quantum dots is due to the intrinsic strain asymmetry built-in at the InAs/InP interface under V element stabilized growth conditions [6] . Due to their shape, these structures allow for elastic relaxation along [110] remaining fully strained along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [6, 7] .
In this work, we explore the first stages of QWRs formation studying by atomic force microscopy (AFM) characterization the evolution of the growth front for certain InAs coverages below the θ c determined by RHEED. Our results, supported by optical characterization of the similar buried nanostructures, show that at certain InAs coverage θ(InAs) < θ c , spontaneous formation of isolated QWR are obtained. When the amount of InAs is increased, these isolated QWRs evolve towards groups of longer and narrower wires that progressively cover the surface until a full coverage is obtained at θ(ΙnAs) = θ c .
Experimental
The samples studied in this work were grown by solid source MBE and consist of different amount of InAs : 1.3, 1.5, 1.7, and 2.5 monolayers (ML) deposited on InP(001) substrates. Before InAs growth, the InP surface was exposed to As 4 flux during 3 s at substrate temperature T S = 480 ºC. This procedure allow us to control the InAs quantity (~1 ML) formed by As/P exchange at the InAs/InP interface, which, besides the InAs thickness deposited, takes part in the QWRs self-assembled formation process. This means that the effective InAs thickness, θ(InAs), involved in the nanostructure formation process is We have used non-resonant excitation at 514.5 nm under low power conditions. The PL signal was dispersed by a 0.22 m focal length monochromator and synchronously detected with a liquid nitrogen cooled Ge detector.
ThA3-1 A statistical study of the dimensions from more than 50 of these structures gives a mean height of 0.7 ± 0.2 and width = 22 ± 5 nm . The average ratio length/width is around 8, but we can find longer structures [ Fig. 1(b) ] with a ratio of 16. Thus, even at the early stages of the self-assembling process, for θ(InAs)= 2.5 ML < θ c , elastic relaxation process leads to the formation of InAs nanostructures that can be considered as 1D systems (quantum wires). In this respect, an important result is the low QWRs areal density. For example, in Fig. 1 (b) we find 14 QWR in an area of 1x1µm 2 . Such small density will allow resolving the emission of a single QWR using high resolution optical techniques [9] .
Results and discussion
For the sample with θ(InAs) = 2.7 ML of InAs (sample C) we find coexisting isolated QWRs together with others that being longer and narrower, remain constant in height [ Fig. 1(c) ]. These QWRs are grouped in bundles of QWRs periodically separated. The increase in length and density of the QWRs observed in this sample indicates a significant increment in the amount of InAs involved, even if only 0.2 ML has been added to the InAs deposited in sample B. Driven by stress relaxation, the short and isolated
QWRs act as sinks for preferential InAs growth not only for the incoming In and As atoms, but also by promoting mass transport by enhanced diffusion from 2D areas to the 3D structures [4, 10] . When the amount of θ(InAs) is increased up to 3.5 ML (sample D) we observe chevrons in the RHEED pattern, corresponding to the conventional concept of critical thickness. In this situation, we obtain the typical array of QWRs covering completely the surface [ Fig. 1(d) ] with their typical geometrical parameters (1.1 ± 0.3 nm high, 12 ± 3 nm wide) [11] . The observed dependence of the width of the QWR on the proximity of other QWR indicates that the interplay of the elastic interactions between close QWRs determine an equilibrium shape and separation between them.
As we will show below, the PL experiments from the capped samples (shown in Fig. 2 ) support the process of InAs nanostructures formation resulting from the AFM results.
3 ThA3-1
We can distinguish multiple peaks that can be associated to the emission from two different structures: quantum wells (QWs) and quantum wires. The PL spectrum of sample A c with θ(InAs) = 2.3 ML shows two main peaks [QW2 and QW3 in Fig. 2(a) ]. Since QWR have been rarely found by AFM in this sample, we associate these two peaks to the emission from 2 and 3 ML high QWs in view of the surface morphology and previous studies reported in the literature for InAs/InP QWs [12] . Radiative recombination takes place in this case in the flat surface islands observed in the AFM image [ Fig. 1(a) ].
The sample A c already shows several weak PL peaks that could be associated to the emission of QWRs, but these bands are more clearly seen in the PL spectrum from sample B c [ Fig. 2(b This result agrees with a larger QWRs density as observed in the AFM image from the corresponding uncapped sample [ Fig. 1(b) ]. In the QWRs emission band, up to three peaks can be resolved, which are associated to three different height families: 9, 10 and 11 ML [13, 14] . Notice that these heights do not coincide with those measured by AFM. In fact, AFM QWR heights in uncapped samples are systematically smaller than the obtained by TEM or expected from the PL results in capped samples [15] .
We think that overgrowth of the QWRs takes place during the capping process particularly at the low substrate temperature used (T S =380 ºC) [16] .
Finally, in Fig. 2(d) , the PL spectrum of sample D c shows the typical PL band formed by the multiple gaussian peaks emitting from different QWR families with 1 ML fluctuations in height [4, 11, 13, 15] .
Notice that no emission from quantum wells is observed, in agreement with the absence of flat areas in a surface completely covered by QWRs [see Fig. 1(d) ].
Summary
When a certain InAs thickness, θc, is grown on InP(001), an array of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] oriented quantum wires covering the whole surface is obtained. This θc corresponds to a sudden change in the RHEED pattern from 2D to 3D. surface and a surface fully covered by QWRs.
We have identified different stages that take place with increasing θ(InAs). First stage is the formation of islands elongated along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] at the step edges of the flat terraces present in the surface. The main result of this work is the formation of self-assembled isolated QWR as an elastic relaxation step previous to the well established process of nanostructures formation, conventionally related to a critical thickness determined by an abrupt change in the RHEED pattern.
In conclusion, these results allow for a better understanding of the self-assembling process of QWRs in the InAs/InP system and for the first time will enable the study of the novel properties of selfassembled individual quantum wires.
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